Restless legs syndrome (RLS) is a common neurological disorder whose exact pathophysiological mechanism remains unclear despite the successful use of dopaminergic treatment and recent discovery of predisposing genetic factors. As iron deficiency has been associated with RLS for some patients and there is evidence for decreased spinal dopamine D 3 -receptor (D3R) signaling in RLS, we aimed at establishing whether D3R activity and iron deficiency share common pathways within the pathophysiology of RLS sensory and motor symptoms.
Introduction
Restless legs syndrome (RLS) is a common disorder with a prevalence of 2.5-15% (Satija and Ondo, 2008) . It is characterized by an urge to move the legs, which is often accompanied by unpleasant sensory symptoms. These symptoms are usually worse in the evening and during rest, but they are relieved by movement. The additional symptoms of a sensory perception deficit (Schattschneider et al., 2004; Stiasny-Kolster et al., 2004) and hyperalgesia (Stiasny-Kolster et al., 2004) have been described in both primary and secondary forms of RLS. Despite the successful use of dopaminergic drugs in treating RLS, no evidence of a primary dopaminergic deficit has been identified . In contrast to this, a worsening of RLS symptoms may occur, observed by increased intensity of the symptoms and 2-4 h earlier onset, thus affecting patients already at daytime as opposed to an evening prevalence (García-Borreguero et al., 2007) . This usually occurs after initial success using dopamine therapy and has been clinically defined as augmentation. This suggests that the underlying pathophysiological mechanisms are more complex and involve a dopaminergic dysregulation rather than a primary deficit. Clemens et al. (2006) suggested a decreased D3R-mediated inhibition of spinal sensory and reflex circuits as a pathogenetic concept in RLS (Clemens et al., 2006) . This is supported by the switch from inhibitory to excitatory dopamine effects on spinal reflexes in D3RϪ/Ϫ mice (Clemens and Hochman, 2004 ) that resembles the increased excitability of the flexor reflex detected in RLS patients (Bara-Jimenez et al., 2000) . Additionally, the most commonly and successfully used dopamine agonists have a relevant if not predominant D 3 agonism. Along with primary RLS, several secondary forms of RLS exist. The association between RLS and iron deficiency is well established (Nordlander, 1953; Ekbom, 1960) where decreased levels of the iron storage protein ferritin have been described in patients experiencing augmentation (Trenkwalder et al., 2008) . The pathogenetic importance of iron deficiency is further corroborated by the effective treatment of iron-deficient (ID) RLS patients' symptoms by using iron supplements (Earley et al., 2004; Grote et al., 2009) .
The aim of this study was to investigate the behavioral effects and interactions of absent D3R signaling and iron deficiency of RLS by assessing sensory and motor symptoms, thus allowing further insight into the pathogenesis of both sensory and motor modalities present in human RLS. Experimentally, this was achieved by using a combined mouse model of iron deficiency and dopamine D 3 -receptor knock-out (D3RϪ/Ϫ).
Continuous recording of spontaneous wheel running was used to detect changes in the circadian activity pattern that resemble the increased restlessness of the legs prevailing in RLS patients predominantly during the final hours before sleep. The sensory component was determined by measuring the acute and persistent pain responses using the hot-plate and formalin tests, respectively (Dowling et al., 2009 ).
Materials and Methods
Animals. Thirty male C57BL/6 mice were purchased (Charles River Laboratories) at postnatal day 28 (P28). In addition, 30 male mice homozygous deficient for the dopamine D 3 receptor (D3RϪ/Ϫ) were bred from parents (Drd3 tm1Dac ) backcrossed with a C57BL/6 background. The absence of the D3R encoding region was confirmed in homozygous parents by genotyping tail DNA as originally described (Accili et al., 1996) .
All mice were housed in separate cages within the same room on a 12 h light/dark cycle (lights on/off, 7:00 A.M./7:00 P.M.). Experiments were conducted under the German animal protection laws and protocols approved by the Government of Lower Saxony.
Diets. To test the effects of iron deficiency in mice of WT and D3RϪ/Ϫ strains, mice were given a special diet with a reduced iron content (Ͻ8 mg/kg iron), as described earlier (Dowling et al., 2009 ). These formed the ID group, whereas control mice were maintained on a diet with normal iron content (179 mg/kg iron). Diets (ssniff Spezialdiäten) were started from age P28. Both food and water were available ad libitum.
Blood iron analysis. Venous blood was extracted from the right ventricle of the anesthetized mouse. Subsequently, blood was centrifuged and the plasma isolated. Spectrophotometric analysis of plasma samples was performed on samples from both mouse strains using a Roche/Hitachi Modular Analytics P800 (Roche Diagnostics) to determine the plasma iron concentration from both ID and control groups for both WT and D3RϪ/Ϫ strains.
Voluntary wheel running. From P42, all mice had continuous and individual access to a running wheel placed inside each cage. The axis of each running wheel was connected to a rotation sensor with a resolution of 16 counts/revolution, one revolution corresponding to 35.5 cm. Using a customized recording device and software (Boenig & Kallenbach oHG), running wheel revolutions were recorded continuously at a sampling rate of 1/0.48 s. Based on these accumulative data, several parameters were calculated for time intervals of 1 h using a custom designed MatLab program (The MathWorks). We hypothesized an increased wheel usage and activity as a possible correlate for the human RLS motor symptoms, which are characterized by the recurrent urge to move the legs. The time interval corresponding best to the preponderance of human RLS symptoms during the evening would be the final stage of the dark phase before the resting phase.
This behavior was assessed by measuring the number of runs (N run %) and the time spent running (T run %) each hour in relation to the cumulative value obtained during the dark phase.
To assess physical fitness and endurance of the mouse throughout the experiment, additional parameters, i.e., distance in meters (Dist), maximum velocity (V max ), and the mean distance per run (Dist mean ) were measured. Dist mean proved to be a suitable measure of endurance in an earlier study (Liebetanz et al., 2007) . Data were averaged for each mouse across 5 consecutive days.
Hot-plate test. An increased static hyperalgesia via A␦-fibers has been described in human RLS patients (Stiasny-Kolster et al., 2004) . The hotplate test was used to investigate differences in acute pain response to a thermal stimulus. The A␦ high-threshold heat nociceptors activate under high thermal stimulation and mediate fast reflex responses through a greater conduction velocity compared to C-fibers (Leem et al., 1993; Yeomans et al., 1996) . Moreover, action potentials via A␦ fibers reach the spinal cord before those conducted by C-fiber nociceptors, corresponding to the recorded initial reflex to the noxious heat stimulus (Leem et al., 1993; Yeomans et al., 1996) . A high temperature, as used in our study, results in preferential A␦-fiber activation, whereby temperatures below a 45°C heat stimulation tend to involve a higher C-fiber activity (Adriaensen et al., 1983) . The hot-plate test was performed according to a previous study (Dowling et al., 2009) . After a 15 week period of control or ID diet starting from P28, mice naive to the heat stimulus were placed directly onto a 50°C (Ϯ0.5°C) hot plate (MEDAX Nagel). The reaction time (in seconds) until the first signs of a painful response (hindpaw licking or escape) was recorded under single-blinded conditions between the hours of 7:00 A.M. and 2:00 P.M.
Formalin test. The formalin test assesses mixed A␦-and C-fiber function during the initial (phase I) stage of the test (Heapy et al., 1987; Ishizaki et al., 1999) , where at the latter stage (phase II), formalininduced tissue injury and inflammation causes sensitization of primary afferents, leading to the phenomenon of windup (Mendell, 1966; Li et al., 1999) , which itself dominates during this phase and only occurs upon sufficient C-fiber activation (Mendell, 1966; Dickenson and Sullivan, 1987; Yamamoto and Yaksh, 1992; McCall et al., 1996) . As patients suffering from secondary RLS present impaired C-fiber function (Schattschneider et al., 2004) , the formalin test was used to experimentally evaluate any possible change of murine C-fiber function, moreover, to assess the differences in the persistent pain response compared to the short acute pain measurement described by the hot-plate test.
The formalin test protocol was identical to a former study (Dowling et al., 2009 ). Twenty-four hours after completing the hot-plate test, the same control and ID mice from WT and D3RϪ/Ϫ strains were subjected to this test. This time period was chosen between the two tests, as the immediate early gene c-Jun is expressed for ϳ16 h (Presley et al., 1990; Herdegen et al., 1991) . Therefore, hot-plate-induced c-Jun expression would not interfere with the level of formalin-induced c-Jun.
Formalin-naive mice were injected with 20 l of 4% formalin subcutaneously into the dorsal left hindpaw. The time spent licking/lifting/ biting the injected hindpaw was recorded over 45 min. Afterward, the local inflammatory response induced by the formalin injection was quantified as a control between groups, by measuring the injected (ipsilateral) and noninjected (contralateral) hindpaw thicknesses using a caliper. The value obtained was denoted the "inflammation score," as described previously (Ko et al., 2005) . The entire procedure was performed under single-blinded conditions where, similarly to the hot-plate test a predetermined order was followed.
c-Jun immunohistochemistry. c-Jun immunoreactivity in neurons, which were labeled using a neuronal nuclei (NeuN) marker, was measured to evaluate the level of neuronal activity at dorsal laminae I/II. c-Jun immunoreactivity was measured here to determine whether any change in the formalin-induced pain response correlates with a change in neuronal activity at the level of the spinal cord. The dorsal spinal laminae I/II are known to receive primary afferent A␦-and C-fibers from nociceptors and thermoreceptors (Shepherd, 1994) . Identification of the appropriate region for quantification was achieved by general morphological analysis of the dorsal horn as performed in a previous study (Dowling et al., 2009) . In addition, the use of a supplementary marker NeuN helped illustrate the segments more clearly.
After postfixation, the tissue was prepared for paraffin embedding and subsequently sectioning at 2 m thickness. The immunohistochemistry method for investigating c-Jun expression was performed according to a previous study (Stadelmann et al., 1998) . A rabbit anti-c-Jun polyclonal IgG primary antibody (Santa Cruz Biotechnology, H-79: sc-1694) was incubated at 1:1500 in 10% FCS ϩ PBS for 24 h at 4°C. The secondary biotinylated anti-rabbit antibody (GE Healthcare) was diluted 1:200 in 10% FCS ϩ PBS and incubated for 1 h at room temperature. A 2% 3,3Ј-diaminobenzidine tetra-hydrochloride (DAB) (Sigma-Aldrich) solution was applied to the tissues sections for 3 min. Identifying colocalization of c-Jun with laminae I/II neurons involved an immunofluorescence method, whereby c-Jun and mouse anti-neuronal nuclei (NeuN) monoclonal antibody (Millipore, MAB377) were incubated for 24 h at 4°C. The following secondary antibodies were used: Cy3-conjugated goat anti-rabbit IgG (Dianova) and Alexa Fluor488 rat antimouse (Morphosys AbD), diluted in 10% FCS ϩ PBS to 1:200 and 1:250, respectively. This step was followed by a 1 h incubation.
An Olympus BX51 microscope equipped with Olympus DP71 camera was used at ϫ10 magnification for immunostained sections under light level for quantification and under fluorescence for photoimaging. Thirteen transverse spinal sections per mouse were selected in a random manner for quantification. The percentage number of c-Jun-immunoreactive (cJun-IR) nuclei within laminae I and II was quantified from both ipsilateral and corresponding contralateral dorsal horns under single-blinded conditions.
Statistics. Separate two-factorial ANOVAs were performed to test whether the diet and/or strain had an effect upon the plasma iron concentration or the hot-plate reaction time. A three-factorial ANOVA with repeated measurements was performed to test whether strain, diet, and time point had an effect upon the formalin response score. A three-factorial ANOVA was performed to test whether strain, diet, and/or the dorsal horn side (ipsilateral vs contralateral) had an effect upon the number of c-Jun-IR neurons. Separate three-factorial ANOVAs with repeated measurements were also performed on wheel running data to test whether strain, diet, and/or time of day, had an effect on Dist, Dist mean , V max , N run %, and/or T run %. The statistics of the activity parameters were performed for the running activity of the dark phase only (7:00 P.M. to 7:00 A.M.). Post hoc tests (Student's paired t test) were performed to compare the values of different diet and strain groups for different time bins. The ANOVAs and Student's t tests were performed using SPSS 17.0.0 (SPSS Software). The level of significance for rejecting the null hypothesis was set at p Ͻ 0.05 for all statistical calculations. All data are presented as mean Ϯ SEM.
Results
All statistical values associated with ANOVA interactions, including degrees of freedom and F and p values, can be found in supplemental Tables 1 and 2 (available at www.jneurosci.org as supplemental material).
Blood plasma iron analysis
The ID diet had an effect upon the plasma iron concentration after 15 weeks of diet starting from P28 ( p Ͻ 0.001). Compared to the control diet, the ID diet decreases the plasma iron concentration in WT (29.4 mol/L Ϯ 2.41 vs 19.6 mol/L Ϯ 1.68) and D3RϪ/Ϫ (32.6 mol/L Ϯ 2.10 vs 20.4 mol/L Ϯ 1.70) strains ( p Ͻ 0.05). Strain (WT vs D3RϪ/Ϫ) had no effect upon the plasma iron concentration. Also, diet and strain did not interactively change this parameter.
Iron deficiency elevates and D3R؊/؊ shifts increased voluntary wheel running activity in mice
To assess the impact of the different diets and strains upon the general physical performance, the variables Dist, Dist mean , and V max were compared (Fig. 1 ). Diet and also strain had no main effect upon Dist, Dist mean , or V max . Since the running activity follows a circadian rhythm, time of day had an effect upon all three parameters ( p Ͻ 0.001). In addition, diet and time of day ( p Ͻ 0.001), as well as strain and time of day ( p Ͻ 0.05), interactively influenced them. Moreover, the interaction of all three factors (time, diet, and strain) had an effect on V max ( p ϭ 0.034).
According to post hoc analysis, iron deficiency decreased Dist in ID WT and ID D3RϪ/Ϫ groups during the early period of the activity phase (Fig. 1) and increased Dist for a single time point at 4:00 A.M. in the ID D3RϪ/Ϫ group as compared to the respective control groups ( p Ͻ 0.05) (Fig. 1 B) . Iron deficiency also decreased Dist mean compared to the corresponding control group during the early period of the activity phase (Fig. 1 D) , however, only in D3RϪ/Ϫ mice. In contrast, iron deficiency increased Dist mean and V max between 3:00 and 4:00 A.M. ( p Ͻ 0.05) (Fig.  1 D, F ) in D3RϪ/Ϫ mice compared to the D3RϪ/Ϫ group receiving a control diet.
To investigate for possible changes in motor behavior that may correspond to the restlessness of human RLS patients, an increased use of the running wheel was assessed by the variables number of runs (N run %) and time spent running (T run %), expressed in percentage of the cumulative value obtained during the dark phase. The results of the three-factorial ANOVA showed that strain had an effect upon N run % ( p ϭ 0.038) and time of day had an effect upon both N run % and T run % ( p Ͻ 0.001). Moreover, the interaction of diet and time of day ( p Ͻ 0.05) as well as strain and time of day ( p Ͻ 0.001) had an effect on both activity parameters. In contrast, the interaction of diet and strain as well as of all three factors (time, diet, and strain) had no effect.
As affirmed by the post hoc analysis, iron deficiency increased N run % and T run % in WT mice during the final hours before the start of the rest phase (Fig. 2 A, C) . Iron deficiency also increased these activity parameters in D3RϪ/Ϫ mice. However, as compared to the WT mice, this heightened activity was shifted ϳ2-4 h earlier in the ID D3RϪ/Ϫ group ( p Ͻ 0.05) (Fig. 2 B, D) . In the groups fed control diet, D3RϪ/Ϫ led to a slightly increased activity; however, this effect was not significant ( p ϭ 0.085). Additionally, the ID WT groups decreased in activity at single time points (8:00 and 11:00 P.M.; p Ͻ 0.05). 
Shortened hot-plate reaction time in ID WT and both ID and control D3R؊/؊ groups
The hot-plate test helped determine whether the iron deficiencyincreased sensitivity to the thermal stimulus depends on the presence of D3R (Fig. 3A) . According to the two-factorial ANOVA, diet ( p ϭ 0.006) and strain of mouse ( p Ͻ 0.001) had main effects on the hot-plate reaction time, where the interaction was not significant. As compared to the corresponding WT groups, D3RϪ/Ϫ led to a faster reaction time to the thermal stimulus ( p Ͻ 0.05) in both ID and control diet groups. Confirming our previous study (Dowling et al., 2009) , iron deficiency shortened the response time in WT mice when compared to the control diet group ( p Ͻ 0.05). The reaction time was not further decreased in D3RϪ/Ϫ on ID diet.
Iron deficiency further elevates the inflammatory pain response in D3R؊/؊ mice
The formalin test was implemented to determine whether the iron deficiency-enhanced persistent pain response in WT mice depends upon the presence of D3R (Fig. 3B) , or whether a further, "additive" increase in pain response occurs. According to the three-factorial repeated-measures ANOVA, diet ( p ϭ 0.014), strain ( p Ͻ 0.001), and time point ( p Ͻ 0.001) had individual main effects upon the formalin-induced response score. Diet and time point, as well as strain and time point, interactively influenced the pain response ( p Ͻ 0.001). Diet and strain, as well as all three factors (time, diet, and strain), did not interactively change the pain response score.
During phase II of the formalin test, iron deficiency increased the pain response in ID WT and ID D3RϪ/Ϫ groups when compared to controls (30 -45 min, p Ͻ 0.05). Although D3RϪ/Ϫ mice had a higher pain response compared to WT mice, iron deficiency increased this further in the ID D3RϪ/Ϫ group (Fig.  3B) . As a control, the diet or strain did not change the local tissue inflammation score after the formalin injection (Fig. 3C ).
Heightened central neuronal activity detected by ipsilateral c-Jun expression in ID WT and ID D3R؊/؊ groups
After completion of the formalin test, the number of c-Jun-IR neurons was quantified at superficial laminae I/II of the ipsilateral and contralateral dorsal horns (Fig.  4 A) . This evaluated whether the iron deficiency-increased neuronal activity after the formalin test depends on the presence of D3R. According to the threefactorial ANOVA, diet ( p Ͻ 0.001), strain ( p ϭ 0.004), and dorsal horn side (ipsilateral vs contralateral, p Ͻ 0.001) had individual main effects upon the number of c-Jun-IR neurons. The interactions between diet and strain, diet and dorsal horn side, strain and dorsal horn side, or all three factors (diet, strain, and dorsal horn side) were not significant. Post hoc tests revealed that the number of c-Jun-IR neurons at the ipsilateral horn was increased in all four groups (ID WT, control WT, ID D3RϪ/Ϫ, and control D3RϪ/Ϫ), compared to the level at the contralateral horn ( p Ͻ 0.05) (Fig. 4 A) . Furthermore, as compared to control groups, iron deficiency increased the expression of c-Jun-IR neurons at the ipsilateral horn in ID WT and ID D3RϪ/Ϫ mice ( p Ͻ 0.05) (Fig. 4 A) . Neuronal c-Jun expression was confirmed by double immunofluorescence labeling (Fig. 4 B, C) .
Discussion
In the current study, we investigated the changes in the circadian pattern of locomotor activity and of acute and persistent pain responses in a combined model of iron deficiency and D3RϪ/Ϫ. The aim was to acquire further insight into the interaction of these two influences that are thought to be associated with human RLS.
The increased running wheel usage before the resting period evoked by iron deficiency resembled RLS motor symptoms. Furthermore, iron deficiency resulted in a sensitization to acute and persistent pain resembling RLS sensory symptoms. Additional D3R deficiency modified the time course of the iron deficiencyevoked symptoms and resulted in an additive increase of the persistent pain response.
D3R؊/؊ and iron deficiency alter circadian motor activity
In the current study, we were able to assess changes in the circadian motor activity induced by D3RϪ/Ϫ in combination with iron deficiency in mice by an increased wheel usage, as demonstrated by the parameters N run % and T run %. These parameters proved more sensitive in displaying circadian changes than did absolute running distance or time, both of which depend more on the overall running performance.
Iron deficiency increased N run % and T run % in WT mice during the final hours of the dark phase (6:00 -7:00 A.M.). This is in line with the findings of Dean et al. (2006) , who, using polysomnographic recordings, described an increased awake time during the late active period in ID WT mice, probably due to the increased dopaminergic activation of neurons in the periaqueductal gray matter. Interestingly, in D3RϪ/Ϫ mice the iron deficiency-induced phase of increased running wheel usage was shifted to a time point 3 h earlier, whereas no change was seen at the period from 6:00 to 7:00 A.M. in these mice, suggesting a modulating effect of the D3R on the timing of the iron deficiencyinduced activity. A comparable increase of physical activity has been seen after lesioning the diencephalic-spinal A11 region, al- though that study did not investigate circadian patterns (Qu et al., 2007) . Therefore in light of this study, spinal dopaminergic circuits may be involved in the observed changes.
The performance parameters Dist, Dist mean , and V max represent physical fitness and running motivation. Iron deficiency led to a decrease in Dist, especially during the early night period in both strains, this being consistent with previous reports (Youdim et al., 1981; Hunt et al., 1994) . Youdim et al. (1981) suggested that this is caused by an iron deficiency-mediated reduction of dopamine D 2 receptors (D2Rs). In contrast to our performance parameters, Youdim et al. (1981) reported an increase of spontaneous motor activity of ID animals in the morning. This divergence is probably due to the different methods used, and might correspond to the increase in activity parameters (N run %, T run %) in the morning phase of our study. Since no anemia was seen in our ID animals (unpublished data) and iron deficiency reduced Dist mean only in D3RϪ/Ϫ mice, reduced physical endurance or fitness is an unlikely cause for a change in the performance parameters. This is also supported by the fact that V max remained unaffected by iron deficiency.
On the other hand, D3RϪ/Ϫ mice did show an increased running performance (Dist and Dist mean ) during the active period as described earlier (Accili et al., 1996) . Contrary to the congruent effects on circadian activity, Dist is influenced contrarily by iron deficiency and D3RϪ/Ϫ. D3R activation decreases overall locomotor activity (Menalled et al., 1999) , possibly due to dopaminergic inhibition in the Calleja islands (Guitart-Masip et al., 2008) , which suggests that the lack of D3R in D3RϪ/Ϫ might lead to the increase in Dist.
ID mice in our study had increased wheel usage in the phase before the resting period. Both the induction of symptoms by iron deficiency and the time point of restlessness as represented by increased wheel usage resemble the symptoms of RLS in humans, which are also characterized by the urge to move during the last hours before the resting phase (Nordlander, 1953; Ekbom, 1960) . The increased urge to move and restlessness that RLS patients suffer from is believed to involve the dopaminergic system, because dopamine agonists alleviate these symptoms (Akpinar, 1982; Earley and Allen, 1996) . Iron deficiency influences the dopaminergic system on different levels. D2R and dopamine transporter (DAT) are downregulated in ID rats (Ashkenazi et al., 1982; Erikson et al., 2000) . A decrease of inhibitory D2R activation leads to a preponderance of excitatory dopamine D 1 receptor (D1R) activation, which is associated with increased locomotor activity in rats (Shieh and Walters, 1996; Heijtz et al., 2002) . This effect may further be enhanced by an iron deficiency-induced decrease of DAT expression as described in mice (Bianco et al., 2008 (Bianco et al., , 2009 ) that would increase dopamine levels in the synaptic cleft. Paulus and Trenkwalder (2006) proposed that the misbalance between D 1 -like and D 2 -like activation might further be increased by treatment-related downregulation of D 2 -like receptors leading to the phenomenon of augmentation. A disproportionately extensive downregulation of D 2 -like receptors compared to D 1 -like receptors due to specific stimulation has been previously reported (Chen et al., 1993) . This implicates D 2 -like receptor (especially D2R and D3R) dysfunction as one pathogenetic agent leading to augmentation. Interestingly, combining iron deficiency-which is associated with decreased D2R-expression-and D3R deficiency led to a time shift of the iron deficiency-induced increased motor activity in our study. Since augmentation in human RLS is associated with a comparable time shift of circadian symptoms (Allen et al., 2003; García-Borreguero et al., 2007) , a similar mechanism of decreased D 2 -like dopaminergic signaling might be speculated.
Partially additive alteration of pain responses by D3R؊/؊ and iron deficiency Confirming our previous findings (Dowling et al., 2009) , iron deficiency increased the response to acute and persistent pain in the WT mouse group. Moreover, we also demonstrated that the D3RϪ/Ϫ status alone is associated with an elevated response to acute and persistent pain. Interestingly, only the persistent pain response was additively increased by iron deficiency.
The increased acute and persistent pain responses in D3RϪ/Ϫ compared to WT mice are presumably caused by the lack of D3R-mediated regulation of pronociceptive postsynaptic D1R activity (Fleetwood-Walker et al., 1988; Xu et al., 1997) , which increases in activity upon deletion of D3R (Mizuo et al., 2004) . Values are means Ϯ SEM, n ϭ 7. *WT and D3RϪ/Ϫ groups differ at a diet duration of 15 weeks beginning at age P28. B, The persistent pain response to the formalin injection over time (in minutes) in WT and D3RϪ/Ϫ mice fed control or ID diets for 15 weeks starting from age P28. Values are means Ϯ SEM, n ϭ 7. *WT and ϩ D3RϪ/Ϫ groups differ at certain time points, p Ͻ 0.05. C, After the formalin injection, the injected (ipsilateral) and noninjected (contralateral) hindpaw thicknesses were measured (in millimeters), and the value denoted the level of inflammation. Values are means Ϯ SEM, n ϭ 7.
The increase of D1R mRNA expression in the spinal cord of ID WT mice (Zhao et al., 2007) suggests a similar mechanism for the effects of ID diet in WT mice.
Due to the lack of any measurable difference in local inflammatory response (ID vs control and WT vs D3RϪ/Ϫ), our behavioral data suggest sensitization of primary afferents and windup occurs more rapidly in ID and D3RϪ/Ϫ mice during phase II of the formalin test (Mendell, 1966; Dickenson and Sullivan, 1987; Yamamoto and Yaksh, 1992; McCall et al., 1996) . Similarly to the A␦-fiber acute pain response, ID and D3RϪ/Ϫ may also reduce the primary afferent C-fiber pain threshold. This likely occurs through a series of biochemical changes, most notably a dysfunction of the descending dopaminergic system through ID-induced effects and a change of antinociceptive D3R expression, as described above. Moreover, other processes are likely to play a role, including synaptic long-term potentiation, which after C-fiber stimulation during the formalin test is dependent on group I metabotropic glutamate receptors 1 and 5 (Azkue et al., 2003) and NMDA receptors (Liu and Sandkühler, 1995) . Iron deficiencyor D3RϪ/Ϫ-mediated changes in the activity of these receptors might be the reason for the additive increase of the persistent pain response we observed in our study.
Paralleling the iron deficiency-induced increase in the persistent pain response, the spinal expression of the neuronal activity marker c-Jun following chronic pain stimulation was increased by iron deficiency. A similar correlation has been reported recently for ipsilateral c-Fos expression in the dorsal horn of ID WT mice (Dowling et al., 2009) . Surprisingly, the additive increase in pain response by iron deficiency and D3RϪ/Ϫ did not go along with a further increase in spinal c-Jun-IR expression despite the expression of these receptors on primary afferent fibers at laminae I/II of the spinal cord (Benarroch, 2008) . A reason for this finding might be a ceiling effect, since c-Jun is expressed at a generally higher basal level than c-Fos in WT mice (Li et al., 2004) and as contralateral c-Jun expression in the present study was already relatively high.
Previous clinical studies in RLS patients have identified a change in A␦-and C-fiber function (Schattschneider et al., 2004; Stiasny-Kolster et al., 2004) . The hot-plate test as performed in the current study mainly assesses pain transmission through A␦-fibers (Frölich et al., 2005) , whereas phase II of the formalin test mostly describes C-fiber-mediated pain transmission (Dubuisson and Dennis, 1977; Yaksh et al., 1999) . The fact that the sensory dorsal horn receives inputs from both A␦-and C-fibers (Shepherd, 1994) , together with the finding that c-Jun expression was elevated at this region in ID WT and ID D3RϪ/Ϫ mice suggests that this sensory region is involved in the generation of the sensory symptoms observed in these animals. Furthermore, the high D3R population at the sensory dorsal horn region (Levant and McCarson, 2001 ), in addition to the existence of D3R expression upon nociceptor afferent fibers (Benarroch, 2008) , implies an involvement of D3Rs in modulating central pain transmission. The demonstrated increase in acute and persistent pain responses in D3RϪ/Ϫ mice further supports the hypothesis that D3Rs play a critical role in the pathophysiology of RLS sensory symptoms.
Conclusions
In this study, we present detailed circadian activity patterns as well as acute and persistent pain reaction data in a novel model of combined iron and D3R deficiency.
The increase of locomotor activity before rest and the sensitization toward pain stimuli observed in the ID state resemble motor and sensory symptoms of human RLS. This underlines the value of the presented model as a potential animal model of RLS. A major advantage of our continuous running wheel recording is having the possibility of obtaining a detailed assessment of circadian patterns lacking in many other approaches (Qu et al., 2007) , where to date only punctual activity levels were recorded. In addition, our model requires a minimum of animal handling, since neither surgery nor pharmacologic interventions were implemented [unlike, for example, the A11-lesion model (Zhao et al., 2007) or the pharmacologic nafadotride model (Sautel et al., 1995) ], thus preventing a disturbance of the very sensitive daynight rhythm. Our model is, however, limited by the use of a nonconditional knock-out, since ontogenetic compensatory mechanisms are probable. Furthermore, in human RLS a dysfunction of D 3 receptors is more likely than the complete absence of D 3 activity in our model.
In furtherance to this, pharmacologic studies assessing the reaction toward dopamine agonists would be suited when further validating the presented model.
Our results also affirm the important role of iron deficiency as a pathogenetic factor in RLS. The increased pain response in D3RϪ/Ϫ indicates an influence of D3R upon pain regulation possibly at the spinal level. Our results suggest that a dysfunction of either D2R-as present in ID animals-or D3R-as in D3RϪ/Ϫ animals-evoke symptoms comparable to those in RLS patients. Furthermore, our results implicate different sensitivity of motor and sensory symptoms toward these influences: the circadian profile of running activity was not affected by D3RϪ/Ϫ alone and ID-induced motor changes were modified, but not increased by D3RϪ/Ϫ. On the other hand, D3RϪ/Ϫ as well as ID increased acute and persistent pain responses, where D3RϪ/Ϫ combined with ID had additive effects upon the persistent pain response. In light of these findings different pathogenetic pathways could be considered as a reason for individual differences in the preponderance of sensory or motor symptoms in human RLS patients.
